Since the 1960s it is known that smoking is one of the major preventable risk factors for the development of atherosclerosis.^[@bib1]^ In 2002, the World Health Organisation (WHO) predicted that by 2030 cigarette smoking caused deaths will increase up to eight million people per year worldwide.^[@bib2]^ Epidemiological studies have underlined the strong impact of smoking on cardiovascular morbidity and mortality (e.g., 80% increased risk for coronary artery diseases compared with non-smokers). In addition, clinical studies have shown that young smokers have a higher risk for an increased intima media thickness -- an early step in the development of atherosclerosis.^[@bib3]^ Despite this bulk of epidemiological and clinical data and based on the complex composition of cigarette smoke (cigarette smoke consists of \>4000 different chemicals, which affects various inter- and intracellular biological processes), it is hardly surprising that the pathophysiological mechanisms are yet unknown.^[@bib4]^

Typically, cigarette smoke is subdivided into two phases: the hydrophobic tar (cigarette smoke condensate, CSC) or particulate fraction, and the hydrophilic or gas phase (cigarette smoke extract, CSE).^[@bib5]^ Pryor and Stone^[@bib6]^ published that the hydrophilic phase contains nicotine, metals, a large number of oxidants and over 10^15^ short-lived free radicals/puff, whereas the hydrophobic fraction comprises mainly carcinogenic chemicals and \>10^17^ long-lived free radicals/g.

As the clear definition of cell death endpoints is crucial for the pathophysiology of atherosclerosis (e.g., necrosis-induced inflammation) this project aims at investigating the effects of CSC on endothelial viability *in vitro*, focussing on the execution of CSC-induced cell death.

It is generally accepted that atherosclerosis is a multifactorial disease and many atherogenic processes lead to similar patho-biological effects. However, of these effects, endothelial cell death (and therefore endothelial dysfunction) takes a central role in atherogenesis.^[@bib7],\ [@bib8]^ At the same time, the loss of endothelial cells has not only direct functional effects, but it is also crucial, which form of cell death is induced. Generally, cell death could be classified into two forms: apoptosis, also known as 'programmed cell death\' and necrosis described as uncontrolled and accidental form of cell death.^[@bib9],\ [@bib10]^ Apoptosis is an energy-dependent process characterised by cell shrinkage, nuclear condensation and fragmentation, as well as cellular fragmentation into the so called apoptotic bodies, which are removed by phagocytic cells. Importantly, the most relevant difference of necrotic cell death compared to apoptosis is plasma membrane leakage and the resulting induction of inflammation in the affected tissue caused by the release of intracellular components.^[@bib9],\ [@bib11]^

As apoptosis is essential in the development and homeostasis of organisms, this process is highly regulated and its induction depends on an array of different intracellular signals.^[@bib12],\ [@bib13]^ One of the most important intracellular sensors for stress and damage signals (e.g., DNA damage) is the transcription factor p53, which makes this protein the 'central safety guard\' to prevent uncontrolled cell growth.^[@bib14],\ [@bib15],\ [@bib16]^ P53 can initiate apoptosis by signalling towards mitochondria, and consequent induction of mitochondrial dysfunction: loss of membrane potential and mitochondrial outer membrane permeabilisation through activation of pro-apoptotic proteins of the Bcl-2 family. In contrast, anti-apoptotic proteins of the Bcl-2 family (like BCl-Xl) can inhibit mitochondrial membrane permeabilisation.^[@bib17],\ [@bib18]^ During mitochondrial membrane permeabilisation, two major groups of pro-apoptotic proteins are released from the mitochondrial intermembrane space, determining the further signalling pathway.^[@bib12],\ [@bib19]^ Release of cytochrome *c* mediates the activation of a well-known group of proteases, the caspases. Caspases are a group of cysteine proteases, which are divided into initiator and effector caspases. If initiator caspases (e.g., caspase-9 within the apoptosome complex) are activated, they cleave and subsequently activate the downstream effector caspases (e.g., caspase-3).^[@bib17],\ [@bib20],\ [@bib21]^

Alternatively, the release of other proteins induces a caspase-independent apoptotic signalling. Among them, one of the crucial effector proteins is apoptosis-inducing factor (AIF).^[@bib12]^ In the course of caspase-independent apoptotic signalling, AIF translocates into the nucleus where it induces chromatin condensation and the formation of large chromatin fragments, but the detailed mechanism remains unclear until now.^[@bib22],\ [@bib23]^

Over the last few years, two other types of programmed cell death were revealed: programmed necrosis and autophagy. The existence of a programmed necrosis is still controversially discussed as this form of cell death could only be demonstrated when apoptosis is inhibited.^[@bib9],\ [@bib11]^ Zong *et al.*^[@bib24]^ demonstrated that DNA damage actively initiates a programmed form of necrosis, which is independent of well-known apoptotic induction proteins like p53, Bax, Bak and caspases.

Also the classification of autophagy as an autonomous cell death mechanism is controversial.^[@bib11]^ So far, autophagy is established as a survival mechanism of cells under nutrient deprivation by degradation and recycling of cellular components. Autophagic degradation of intracellular structures and organelles is induced by the formation of double-membrane vesicles (autophagosomes) and the hydrolytic degradation of cellular structures after fusion with lysosomes (autolysosomes).^[@bib25]^ One prominent marker to study autophagy is LC3 (microtubule-associated protein light chain 3): conversion of LC3-I (cytoplasmatic form) to LC3-II (autophagosome-specific form) is an indicator for the induction of autophagy.^[@bib26]^

Based on different *in vitro* and *in vivo* studies, the hydrophilic fraction of cigarette smoke is well known to contain pro-atherogenic compounds. Small hydrophilic components were shown to reach the circulation through the alveoli where they promote endothelial stress.^[@bib27],\ [@bib28]^ The resulting endothelial dysfunction -- as one of the first and critical steps in atherogenesis -- is caused by CSE-induced endothelial cell contraction,^[@bib27]^ the release of pro-inflammatory cytokines,^[@bib27]^ catalalysation of oxidative reactions,^[@bib29]^ the increased expression of adhesion molecules^[@bib30]^ and finally the induction of endothelial cell death (resulting in endothelial denudation).^[@bib31],\ [@bib32],\ [@bib33]^

Conflicting and a sparse number of data exist on the atherosclerosis-causing potential of the hydrophobic fraction. Penn *et al.*^[@bib34]^ stated that intramuscularly injection of concentrated cigarette tar does not promote atherosclerotic plaque formation in cockerels. Indeed, studies investigating the effect of CSC *in vivo* are rare. However, various *in vitro* experiments revealed CSC-induced cellular atherogenic alterations in endothelial cells as for instance: (a) genotoxic effects,^[@bib35]^ (b) alteration in the cytokine expression,^[@bib36]^ (c) upregulation of genes involved in matrix degradation,^[@bib37]^ (d) CSC-induced adherence of monocytes to the endothelial cell monolayer,^[@bib38]^ (e) CSC-induced surface expression of adhesion molecules on endothelial cells and transendothelial migration of monocytes^[@bib39]^ and (f) decreased migration ability of endothelial cells *in vitro*.^[@bib40]^ All the mentioned processes are well known to be involved in atherogenesis initiation and may contribute to vascular dysfunction and the atherogenic process *in vivo*. However, only few data are published addressing the mode and signalling pathway of CSC-induced endothelial cell death in detail.

Results
=======

CSC inhibits the proliferation and induces cell death in human umbilical vein endothelial cells
-----------------------------------------------------------------------------------------------

To examine the potential toxic effects of CSC on endothelial cells, we performed *in vitro* viability assays and tested for the induction of cell death by CSC. XTT-based analyses revealed that 50 and 100 *μ*g/ml CSC reduce the number of viable cells significantly compared with the exponential growth of control cells ([Figure 1a](#fig1){ref-type="fig"}). Based on the fact that the XTT assay cannot differentiate between the inhibition of proliferation and the induction of cell death, we also directly tested for the induction of cell death by annexin V/propidium iodide staining by FACS analysis. [Figure 1b](#fig1){ref-type="fig"} shows that CSC leads to an increase in the number of apoptotic and to a much lesser extent to an increase in necrotic cells. Another indicator of cell toxicity is the release of lactate dehydrogenase (LDH) through porous membranes. Analysis of LDH release from CSC-treated endothelial cells showed that incubation with 50 *μ*g/ml CSC has no effect on membrane integrity, whereas incubation with 100 *μ*g/ml CSC induces a massive release of LDH, which started after 48 h of incubation ([Figure 1c](#fig1){ref-type="fig"}; significant increase in extracellular LDH concentration of only 6.5% after 24 h is negligible). The contradictory observations between annexin V/propidium iodide staining and LDH assay was further explained by analysing the amount of DNA in treated cells. [Figure 1e](#fig1){ref-type="fig"} shows that treatment with 100 *μ*g/ml CSC leads to the degradation of nuclear DNA in contrast to cells treated with 50 *μ*g/ml CSC and compared to control cells. Scanning electron microscopic analysis of endothelial cells incubated with 50 *μ*g/ml CSC showed characteristic features of apoptotic cell death: membrane blebbing and detachment ([Figure 1d](#fig1){ref-type="fig"}, star). Incubation with 100 *μ*g/ml CSC exhibits characteristic features of necrotic cell death: massive membrane disruption (see [Figure 1d](#fig1){ref-type="fig"}, arrow).

CSC causes DNA-strand breaks, induces P53 activation and affects the mitochondrial membrane potential
-----------------------------------------------------------------------------------------------------

To test for the induction of DNA damage by CSC we performed Comet assays. [Figure 2a](#fig2){ref-type="fig"} shows that CSC (50 and 100 *μ*g/ml) increases the number of comet-positive cells already 6 h after CSC addition. It is already known that DNA damage leads to the stabilisation of the tumour-suppressor P53, and its activation, leading to pro-apoptotic signalling in affected cells. The involvement of P53 in CSC-induced cell death cascade was studied by western blot analyses. [Figure 2b](#fig2){ref-type="fig"} shows that only the incubation with 50 *μ*g/ml CSC induces a temporary increase in P53 expression at 24 h. However, after 48 and 72 h of CSC incubation with 50 *μ*g/ml no induction and stabilisation of P53 was detectable. Incubation with higher CSC concentration (100 *μ*g/ml) causes no P53 induction. The massive P53 protein degradation observed may be caused by necrosis-associated proteolytic processes. In conclusion, lower CSC concentrations activate the typical P53-dependent apoptotic death signalling pathway resulting in mitochondrial membrane depolarisation. JC-1-based analysis (see [Figure 2c](#fig2){ref-type="fig"}) revealed that incubation with 50 *μ*g/ml CSC induces a significant depolarisation of the mitochondria after 24 h. Similarly, a higher CSC concentration (100 *μ*g/ml) generates depolarised mitochondria already after 6 h of incubation, importantly without the activation signal from P53.

As Csordas *et al.*^[@bib41]^ previously suggested that energy depletion is characteristic for endothelial necrotic cell death, we also determined cellular ATP levels during CSC treatment. CSC decreased cellular energy levels until 6 h of incubation to 63% of the control (100 *μ*g/ml CSC). Impressively, this drop in cellular energy levels is followed by a dramatic increase in ATP up to 120% of the control (100 *μ*g/ml CSC) and 220% of the control (50 *μ*g/ml CSC) after 24 h, respectively -- likely due to the fact that apoptotic cell death needs energy for the execution (see [Supplementary Figure 6A](#sup1){ref-type="supplementary-material"}).

As P53-activated death signalling is known to be mediated through caspase activation, we performed western blot analysis of caspase-3, an important effector caspase. [Figure 2d](#fig2){ref-type="fig"} displays that neither the incubation with 50 *μ*g/ml CSC nor 100 *μ*g/ml CSC induces the activation of caspase-3 over a time course from 24 to 72 h. In addition, we performed a caspase-3 activity assay (see [Supplementary Figure 6B](#sup1){ref-type="supplementary-material"}). Endothelial cells were incubated with or without ursolic acid (UA) to obtain cytosolic extracts with active caspase-3. These extracts were then incubated with or without CSC and caspase activity was analysed. [Supplementary Figure 6B](#sup1){ref-type="supplementary-material"} shows that 50 *μ*g/ml CSC is not only unable to induce caspase-3 activity but even significantly represses caspase-3 activity in cell-free extracts (see [Supplementary Figure 6B](#sup1){ref-type="supplementary-material"}).

Involvement of P53, BCL-XL, AIF and autophagy in CSC-induced cell death: differences between lower and high CSC concentrations
------------------------------------------------------------------------------------------------------------------------------

To further analyse the involvement of P53 and the anti-apoptotic mitochondrial protein BCL-XL in CSC-induced cell death, we infected endothelial cells with retroviruses containing a P53 shRNA vector and as P53-activated death signalling is known to be mediated through pro-apoptotic BCL-2 family members we generated human umbilical vein endothelial cells (HUVECs) overexpressing the anti-apoptotic protein BCL-XL. P53 knock down cells were incubated with 50 and 100 *μ*g/ml CSC. [Figure 3a](#fig3){ref-type="fig"} shows that the knock down of P53 significantly inhibited CSC-induced cell death at low and high concentrations. Furthermore, the data in [Figure 3a](#fig3){ref-type="fig"} shows that overexpression of BCL-XL significantly represses CSC-induced cell death, both at lower (50 *μ*g/ml) and higher concentrations (100 *μ*g/ml).

To analyse the caspase-independent cell death signal downstream of the mitochondria, we performed immunofluorescence-based analysis of CSC incubated endothelial cells with anti-AIF antibody. The immunofluorescence analysis revealed that incubation with 50 *μ*g/ml CSC causes a change in the cellular AIF distribution from a more mitochondrial to a nuclear distribution -- clearly visible after 72 h of CSC incubation (colocalisation of green AIF signal with blue nuclear staining; see [Figure 3b](#fig3){ref-type="fig"}). However, immunofluorescence staining of endothelial cells incubated with 100 *μ*g/ml CSC showed no apoptosis-like translocation of AIF to the nucleus. Indeed, we were able to show that incubation of endothelial cells with 100 *μ*g/ml CSC induces the permeabilisation of lysosomes. The consequent release of enzymes may be central for the necrotic execution of cell death (e.g., plasma membrane permeabilisation). In addition, we also tested for autophagic signalling in CSC-treated endothelial cells as the lysosomes are central organelles in autophagic signalling. Therefore, we assessed the ratio of LC3-II per LC3-I. [Figure 3d](#fig3){ref-type="fig"} shows that the ratio LC3-II/I increase significantly in response to the treatment with 100 *μ*g/ml CSC. To further analyse the involvement of autophagy in CSC-induced cell death, we incubated endothelial cells with 3-methyladenine (3-MA) and analysed CSC-induced cell death. FACS-based analyses showed that inhibition of autophagosome formation by 3-MA was not able to inhibit CSC-induced cell death.

Cigarette smoke-induced oxidative stress is partially preventable by antioxidants
---------------------------------------------------------------------------------

To test for the potential occurrence of oxidative stress, we performed DHR-123-based analyses of oxidative stress. To do so, endothelial cells were incubated with different CSC concentrations as well as 1 mM H~2~O~2~ for 24 h (since H~2~O~2~ is a potent inducer of oxidative stress this incubation serves as positive control). Already after 5 h of incubation, we observed a significant and massive increase in the production of reactive oxygen species (ROS) with 50 and 100 *μ*g/ml of CSC compared with the control and surprisingly also compared with H~2~O~2~, as it is a strong inducer of oxidative stress ([Figure 4a](#fig4){ref-type="fig"}). In order to test for a potential ROS preventive effect of antioxidants (vitamin E, vitamin C and *N*-acetyl cysteine (NAC)), we pre-incubated endothelial cells with antioxidants and performed DHR-123-based analysis. [Figure 4a](#fig4){ref-type="fig"} shows that none of the above antioxidants was capable of preventing CSC-induced ROS formation in endothelial cells. In addition, FACS-based analyses of cell death revealed that neither vitamin C nor NAC were able to inhibit CSC-induced reduction in endothelial cell viability ([Figure 4b](#fig4){ref-type="fig"}). Only vitamin E was able to inhibit CSC-induced reduction in cell viability significantly (100 *μ*g/ml CSC for 48 h), yet to a minor extent (increase in the amount of viable cells of 8% compared with CSC only treatment; see [Figure 4b](#fig4){ref-type="fig"}).

As P53 knock down and BCL-XL-overexpression were able to protect endothelial cells from CSC-induced cell death, we also analysed the effect of the constructs on CSC-induced ROS production. The results of FACS analysis in [Figure 4c](#fig4){ref-type="fig"} show that neither P53 knock down nor BCL-XL-overexpression prevented CSC treatment-induced endothelial ROS production.

Discussion
==========

Various studies have been published demonstrating the contribution of CSE to atherogenesis *in vitro* and *in vivo*, whereas the data on the impact of the hydrophilic fraction are controversial. The aim of this study was to analyse the effect of CSC on the viability of endothelial cells *in vitro* with a special focus on the cell death outcome. As atherogenesis is generally considered to be an inflammatory process, the outcome of CSC-induced cell death is pathophysiologically highly relevant (concerning the pro-inflammatory activity of cells dying by necrotic mechanisms and therefore its atherosclerotic-causing potential).

Analysis of upstream signalling revealed that the triggering event in cell death induction -- in apoptotic as well as programmed necrosis -- is CSC-induced DNA-strand breaks.^[@bib42]^ Further analysis of DNA damage signalling demonstrates the causal role of P53 in low-dose CSC-induced endothelial cell death by showing an upregulation in P53 protein expression and the cell death protective activity of the P53 knock down. Treatment with higher CSC concentrations (100 *μ*g/ml) had no effect on P53 protein expression, although the knock down of P53 shows a minimal protective effect (increase in viability compared with control cells of 8%). Moreover, the involvement of the mitochondria in cell death signalling was examined. Analysis of the mitochondrial membrane potential has shown that CSC treatment induces a massive depolarisation. This depolarisation induces the loss in ATP synthesis. HPLC-based analysis of the ATP levels revealed that CSC induces an initial drop in cellular ATP levels followed by an increase in cellular ATP levels after 12 h. This initial decrease in ATP levels could be explained by the energy consuming activation of survival processes -- which were then switched off because of the CSC-induced cellular damage. Indeed, it is known that the apoptotic processes need ATP for cell death execution. So perhaps the massive increase in cellular ATP levels under low-dose CSC treatment (increase in ATP levels up to 222%) is due to the necessity for energy to execute apoptotic cell death.^[@bib43]^ However, exposure of endothelial cells to 100 *μ*g/ml CSC only induces a minimal increase in cellular ATP levels (increase in 18% compared with the control). In contrast, such a high increase in cellular ATP levels is absent in cells incubated with 100 *μ*g/ml CSC, possibly the reason for the occurrence of a necrotic endpoint in endothelial cells treated with higher CSC concentrations. The protective effect of BCL-XL-overexpression on CSC-induced cell death provides additional evidence for the involvement of the mitochondria in the apoptotic signalling at low- and high-dose exposure, respectively. Up to this event the only difference between low and high dosage-induced death signalling is the absence of P53 activation after treatment with 100 *μ*g/ml CSC.

Crucial mediators in the classical apoptotic signalling pathways downstream of the mitochondria are caspases, which are activated on cleavage. Among caspases, caspase-3 is a frequently activated enzyme.^[@bib44]^ In CSC-treated HUVECs no caspase-3 activation/cleavage could be observed -- neither at low nor at high CSC concentrations -- and the *in vitro* activity assay even showed that caspase-3 activity is directly inhibited by CSC. One reason for the inhibited caspase activity could be the finding that CSC incubation induces a massive production of ROS and the fact that these cysteine proteases are highly redox sensitive.^[@bib45]^ In summary, the above data suggest that CSC-induced apoptotic cell death signalling is blocked at the level of caspases.^[@bib46]^

As we were able to show that apoptotic signalling in response to low-dose CSC causes a caspase-independent apoptotic signalling pathway, we analysed the cellular distribution of AIF as it is one prominent signalling molecule.^[@bib47],\ [@bib48]^ After 48 h of low-dose CSC treatment, a massive translocation of AIF to the nucleus could be observed. In contrast, treatment with 100 *μ*g/ml CSC did not induce any change in cellular distribution.

Hence, one pivotal question remains: which proteins or organelles are involved in programmed necrosis in cells incubated with 100 *μ*g/ml CSC after inhibition of the programmed cell death signal at the level of the mitochondria? The main executioner organelles for necrotic cell death are the lysosomes containing many proteases (e.g., cathepsins), lipases and DNAses (e.g., DNAse II), which are released to destroy cellular structures.^[@bib49]^ Total lysosomal permeabilisation -- as it is necessary for the induction of necrosis -- is induced by different stimuli, for example, photodamage, sphingosine and ROS.^[@bib50]^ Indeed, we were able to demonstrate that CSC induces a massive ROS production (see [Figure 4a](#fig4){ref-type="fig"}) but it is unclear until now if the ROS-induced lysosomal permeabilisation is either an indirect signal through the mitochondria or a direct effect on the lysosomal membrane.

To analyse the role of ROS in the induction of CSC-induced cell death, we incubated the cell with well-known antioxidant scavenger molecules like vitamin E, vitamin C and NAC. Surprisingly, these radical scavengers had neither a protective effect on the intracellular ROS production nor increases the viability of CSC-treated cells highly significant (only 8% increase in viability on treatment with 100 *μ*g/ml CSC with vitamin E). Taken together, the data from the scavenger experiment it is unlikely that oxidative stress contributes to CSC-induced cell death. This hypothesis is supported by the finding that although P53 as well as BCL-XL-overexpression showed a significant protective effect on CSC-induced cell death, they exert no oxidative stress reducing activity. It is therefore speculated that CSC-induced endothelial cell death may be caused by non-oxidant DNA damage-causing agents in CSC, like polycyclic aromatic hydrocarbons.^[@bib51]^

Beside these characteristic features of necrotic cell death in cells treated with 100 *μ*g/ml CSC, we also detected autophagic signalling (conversion of LC3-I to LC3-II). This observation is not further surprising, as the occurrence of necrosis and autophagic signals in parallel could already be observed.^[@bib9],\ [@bib11]^ Nevertheless, an autophagy inhibition experiment with 3-MA shows that autophagy is not crucial for CSC-induced cell death (statistically significant decrease in the amount of death cells of 6.5% is negligible). However, induction of autophagy signals could be seen as an attempt of the cell to produce ATP, either to survive or to induce apoptosis (to prevent necrosis-induced inflammation).

In summary, CSC-induced cell death is highly concentration dependent: lower CSC concentrations of 50 *μ*g/ml induce apoptosis-like signalling whereas the apoptotic signalling in cells incubated with higher concentrations (100 *μ*g/ml) is stopped at the level of the mitochondria and redirected to programmed necrosis. So, also higher CSC concentrations induces -- in part -- programmed cell death signals, suggested by the cell death inhibitory activity of P53 knock down and BCL-XL-overexpression (see [Figure 5](#fig5){ref-type="fig"}).

Accordingly, the results from our study let us hypothesise that CSC could be responsible for two main steps in the atherogenic process: (i) CSC induces endothelial cell death and therefore it could be responsible for endothelial damage on the vessel wall and (ii) CSC triggers the initiation of an inflammatory response through induction of necrotic cell death. In conclusion, this *in vitro-*based work supplies a contribution to the understanding of smoking as a risk factor for atherosclerosis. As the *in vivo* concentration and the possible occurrence of metabolic modifications of CSC compounds in the blood are unknown, comparisons between the *in vitro* and *in vivo* situations are difficult to make. However, concerning the relative high concentrations of CSC in the mainstream smoke (up to 21.6 mg per cigarette) it is quite possible that concentrations up to 50 and 100 *μ*g/ml CSC could be reached in the aortic wall, especially concerning the accumulation of smoke compounds in the aorta over a smoker\'s life.^[@bib52]^

Materials and Methods
=====================

General
-------

All reagents used were of purissimum or analytical grade quality and were purchased from Sigma-Aldrich (Sigma-Aldrich, Vienna, Austria) unless specified otherwise.

Cell isolation, culture and treatment
-------------------------------------

The isolation and culture of HUVECs has been described previously.^[@bib53]^ The isolation and analysis of HUVECs was approved by the ethics committee of the Medical University of Vienna (No.: 1183/2012). Cells were routinely passaged in 0.2% gelatine-coated (Sigma, Steinheim, Germany) polysterene culture flasks (TPP, Trasadingen, Switzerland) in endothelial growth medium (Lonza, Anaheim, CA, USA) in a humidified atmosphere containing 5% CO~2~. For cell death analyses, 3 × 10^5^ HUVECs per well were seeded into gelatine-coated six-well plates (TPP). Before each experiment, medium was replaced by fresh medium. Cells were incubated with 50 and 100 *μ*g/ml CSC for the indicated times.

Preparation of CSC
------------------

The ethanol-soluble fraction of CS was isolated by solubilising the precipitated CSC from the cigarette smoke sampling device after preparation of CSE using ethanol.^[@bib54]^ The mixture was then evaporated to dryness and solubilised in dimetyhlsulfoxide (Carl Roth GmbH, Karlsruhe, Germany) to a final concentration of 100 mg/ml. For the experiments, CSC was diluted in cell culture medium to the final indicated concentrations.

Generation of lentiviral vectors
--------------------------------

### BCL-XL viruses

For constitutive overexpression of human BCL-XL in HUVECs, BCL-XL-encoding cDNA was PCR amplified and recombined into pDONR-207 (Invitrogen, Carlsbad, CA, USA) using Invitrogen\'s B/P recombination kit. A sequence verified clone was used for L/R recombination with pHR-SFFV-dest- IRES-Puro thereby generating the lentiviral expression plasmid pHR-BCL-XL- IRES-Puro. P53 viruses: the lentiviral vector-encoding shRNA targeting human P53 was described elsewhere.^[@bib55]^

Generation of stable BCL-XL overexpressing and P53 knockdown HUVECs
-------------------------------------------------------------------

### BCL-XL-overexpressing HUVECs

For lentiviral transduction, human HEK 293T cells were transiently transfected with lentiviral plasmids containing cDNAs coding for human BCL-XL or eGFP, along with the packaging plasmids pCMV 8.91 and pVSV-G (kindly provided by Didier Trono). At 48 and 72 h after transfection, lentiviral supernatant was sterile filtered (0.2 *μ*M), supplemented with polybrene to a final concentration of 4 *μ*g/ml and added to the target cells overnight.

### P53 knock down HUVECs

Viruses carrying P53 shRNAs were produced by transfecting 293T cells with corresponding pLVTHM constructs together with viral packaging vectors 5 (psPAX2 and pMD2G) by calcium phosphate transfection. P53 shRNA-containing viruses were harvested from the supernatant 48 h p.t. and applied to HUVEC cells for lentiviral infection in the presence of polybrene (5 *μ*g/ml).^[@bib56],\ [@bib57]^

Quantification of cell death
----------------------------

For detection and/or quantification of cell death, forward/sideward light scattering analysis and annexin V/propidium iodide staining were used as described.^[@bib58]^

Analysis of the number of viable cells
--------------------------------------

The number of viable cells in the cultures was determined using the XTT assay (Biomol, Hamburg, Germany) according to the manufacturer\'s instructions.

Lactate dehydrogenase release assay
-----------------------------------

The amount of LDH released from cells was quantified using the LDH cytotoxicity kit II (Biovision, Basel, Switzerland) according to the manufacturer\'s instructions.

Quantification of cellular DNA content
--------------------------------------

For the detection and quantification of nuclear DNA content, HUVECs were seeded into gelatine-coated six-well plates and allowed to adhere overnight. After replacing the medium with fresh medium, the cells were incubated with various CSC concentrations for the indicated times. After enzymatic detachment, the cells were washed, permeabilised with saponin (1 mg/ml), stained with propidium iodide (50 *μ*g/ml) and analysed and quantified by flow cytometry using a Cytomics FC 500 (Beckmann Coulter, Brea, CA, USA).

Scanning electron microscopic analysis of cultured cells
--------------------------------------------------------

Cells were grown on glass coverslips and treated as indicated. Thereafter, the cells were fixed by replacing the medium with 2.5% glutaraldehyde (in PBS). Following fixation, cells were dehydrated in a graded ethanol series (70, 90, 100, 100, 100%, and acetone), desiccated by critical point drying (Emitech K850; Quorum Technologies LTD, West Sussex, UK), mounted, sputtered with gold-palladium (Polaron CA 508; Fisons Instruments, Mainz-Kastel, Germany) and examined with a JEOL JSM -- 5400 scanning electron microscope (Eching, Germany).

Western blotting
----------------

Western blotting was performed as previously described.^[@bib59]^ Equal amounts of protein were loaded. Primary antibodies used were anti-caspase-3 (monoclonal antibody to caspase-3; mouse; Alexis Biochemicals, Lausen, Switzerland), anti-P53 (P53; mouse; BD Pharmingen, Schwechat, Austria) and anti-LC3 antibody (rabbit anti-LC3; Sigma-Aldrich, Cat. No.: L8918). As a positive control for caspase-3 activation, we used endothelial cells treated with 6.25 and 12.5 *μ*M UA, respectively, as it is shown in Messner *et al.*^[@bib60]^

Detection of changes in mitochondrial membrane potential
--------------------------------------------------------

Cells were grown in gelatine-coated six-well plates and treated as indicated. After enzymatic detachment, the cells were washed and incubated with 5 *μ*M JC-1 (Molecular Probes, Vienna, Austria; Cat. No.: M34152) and subjected to FACS analysis using a Cytomics FC 500 (Beckmann Coulter).

Comet assay
-----------

To detect DNA-strand breaks, alkaline comet assays were performed according to the manufacturer\'s instruction (Trevigen Inc., Gaithersburg, MD, USA, comet assay HT; Cat. No. \#4252-040-K). Alkaline comet assay is a sensitive assay to detect DNA damage as it detects single- and double-stranded breaks. Endothelial cells were grown and exposed to 50 and 100 *μ*g/ml CSC for 6 h, respectively. After treatment, the samples were handled as described in the manufacturer\'s instruction. Assay evaluation was performed by quantification of comet-positive cells (cells with comet tail/total cells).

Oxidant production
------------------

Oxidant production within HUVECs was assessed by measuring the oxidation of intracellular dihydrorhodamine 123 (DHR 123; Sigma-Aldrich, Munich, Germany), an oxidant-sensitive fluorochrome. Non-fluorescent dihydrorhodamine (DHR123) enters the cells, is transferred to the mitochondria and subsequently converted to fluorescent rhodamine 123 under oxidative conditions. The cells were treated with DHR 123 (5 *μ*M) followed by treatment with CSC. After CSC stimulation for the indicated times, the cells were trypsinised, collected and washed three times with PBS. DHR 123 oxidation was assessed by flow cytometry.

Staining of cells and fluorescence microscopy
---------------------------------------------

To analyse the subcellular localisation of AIF, HUVECs were treated with CSC for the indicated times. After treatment, the cells were washed with PBS and fixed with 4% PFA for 3 min at room temperature. Fixed cells were washed with PBS and permeabilised with 0.3% Triton X-100 for 30 min. Following an additional washing step with PBS, nonspecific binding sites were blocked with 1% bovine serum albumin (BSA) in PBS for 30 min at room temperature followed by staining with primary antibody against AIF (rabbit anti-AIF antibody, Cell Signaling, Danvers, MA, USA; Cat. No.: 4642; 0,4 *μ*g/ml ) O/N at 4 °C. After three washing steps with PBS, the cells were incubated with secondary antibody (Alexa Fluor 488, goat anti-rabbit, Invitrogen, Cat. No.: A11008) for 1 h in the dark and at room temperature. Thereafter, the monolayer was washed three times with PBS and nuclear staining was performed using Topro-3 (1 : 1000) for 10 min at room temperature in the dark. After three final washing steps, cells were mounted in ProLong Gold (Invitrogen) and analysed using a LSM 510 Meta attached to an Axioplan 2 imaging MOT using ZEN software (Zeiss, Oberkochen, Germany). As a negative control, CSC-treated endothelial cells were washed, fixed and permeabilised as the cells stained with the AIF antibody. After blocking with 1% BSA in PBS for 30 min at room temperature, the cells were stained with an isotype control antibody (direct FITC-conjugated rabbit anti-human IgG-antibody, Antibodies Online Inc., Aachen, Germany; Cat. No.: ABIN101554; in the same concentration as the AIF-antibody).

Lysosomal labelling
-------------------

For the staining of acidic compartments in HUVECs, LysoTracker green was used (Invitrogen, Molecular Probes, Vienna, Austria; Cat. No.: l-7526). After CSC treatment of cells for the indicated times, HUVECs were stained with LysoTracker dye (75 nM) for 30 min at 37 °C. The cells were then analysed using a LSM 510 Meta attached to an Axioplan 2 imaging MOT using ZEN software (Zeiss).

Statistical analysis
--------------------

Where indicated, primary data were tested for a Gaussian distribution and equality of variances. Further analyses were performed using *t*-Test.
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DHR

:   dihydrorhodamine
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![CSC inhibits proliferation and induces apoptotic and necrotic cell death. (**a**) Shows the effect of 50 and 100 *μ*g/ml CSC on the number of viable endothelial cells *in vitro* determined by XTT assay. Mean values±S.D. of a representative experiment performed in quadruplicates are shown. (**b**) FACS analysis of CSC-induced cell death. Endothelial cells were incubated with 50 or 100 *μ*g/ml CSC for 48 and 72 h. Apoptotic and necrotic cell death was detected by performing annexin V/propidium iodide stainings. (**c**) Endothelial cells were incubated with 50 or 100 *μ*g/ml CSC for 24, 48 and 72 h before the LDH release was measured. Mean values±S.D. of a representative experiment performed in triplicates (annexin V staining) or quadruplicates (XTT assay and LDH assay) are shown. (**d**) Shows images of scanning electron microscopic analysis of control and CSC-treated endothelial cells (arrow: necrotic cell; star: apoptotic cell). Representative images are shown. (**e**) Shows data on the DNA content of HUVECs treated with 50 *μ*g/ml CSC and 100 *μ*g/ml for the indicated times, respectively. The DNA content was analysed by FACS analysis. Asterisks indicate significant differences (\**P*\<0.05; \*\**P*\<0.01; \*\*\**P*\<0.001) compared with the corresponding controls](cddis2012162f1){#fig1}

![CSC-induced DNA damage and mitochondrial depolarisation without caspase-3 activation. (**a**) Shows data from a DNA damage analysis by the comet assay. Percent comet-positive cells compared with the control are shown. (**b**) Shows western blot analysis of P53 in HUVECs treated with 50 or 100 *μ*g/ml CSC after 24, 48 and 72 h, respectively. Representative blots are shown. Data in (**c**) shows JC-1-based FACS analysis of intracellular mitochondrial membrane potential after CSC treatment for 2, 6, 12 and 24 h. Mean values±S.D. of a representative experiment performed in triplicates (JC-1 staining) or quadruplicates (Comet assay) are shown. (**d**) Shows western blot analysis of caspase-3 in CSC-treated endothelial cells. The cells were incubated with 50 or 100 *μ*g/ml CSC for 24, 48 and 72 h. The right western blot in (**d**) shows analysis of endothelial cells treated with ursolic acid (6.25 and 12.5 *μ*M for 13 h), which serves as a positive control. Representative blots are shown. Mean values±S.D. are shown. Asterisks indicate significant differences (\**P*\<0.05; \*\**P*\<0.01; \*\*\**P*\<0.001) compared with the controls](cddis2012162f2){#fig2}

![CSC-induced concentration-dependent signalling: translocation of AIF into the nucleus and permeabilisation of lysosomes. (**a**) Shows the result of annexin V/propidium iodide staining and FACS analysis of CSC-treated P53 knock down and BCL-XL-overexpressing cells. The cells were incubated with 50 and 100 *μ*g/ml CSC for 48 h. (**b**) Shows immunofluorescence pictures of cellular AIF distribution in CSC-treated endothelial cells for 24, 48 and 72 h. Green fluorescence is specific for AIF and the nucleus is stained with TOPRO-3 (shown in blue). (**b**) Shows also immunofluorescence pictures of endothelial cells (controls and CSC incubated cells) incubated with an isotype control (negative control; cells stained with FITC rabbit anti-human IgG isotype). (**c**) FACS-based analysis of lysosomal integrity. Endothelial cells were incubated with 50 or 100 *μ*g/ml CSC for 24, 48 and 72 h and lysosomal integrity was analysed using the LysoTracker dye. (**d**) Shows western blot analysis of LC 3 (autophagy marker). HUVECs were incubated with 50 or 100 *μ*g/ml CSC for 24, 48 and 72 h. All experiments were performed in triplicates and were repeated at least three times. Mean values±S.D. are shown. Asterisks indicate significant differences (\**P*\<0.05; \*\**P*\<0.01) compared with the controls. MFI=mean fluorescence intensity](cddis2012162f3){#fig3}

![CSC-induced ROS production and the effect of antioxidants, P53 knock down and BCL-XL-overexpressing. (**a**) Shows the effect of CSC treatment on intracellular ROS production after 5 h of incubation. The effect of different antioxidants on CSC-induced ROS production was also analysed and is depicted in (**a**). To analyse the effect of different antioxidants on CSC-induced cell death FACS analysis were performed and the results are shown in (**b**). (**c**) Shows the effect of P53 knock down and BCL-XL-overexpression on CSC-induced ROS production. All experiments were performed in duplicates and were repeated at least three times. Mean values±S.D. are shown. Asterisks indicate significant differences (\**P*\<0.05; \*\**P*\<0.01) compared with the corresponding controls](cddis2012162f4){#fig4}

![Schematic hypothetical sketch of CSC-induced cell death: signalling and execution of CSC-induced cell death. The schematic sketch is divided into two parts: the left side shows intracellular signalling after administration of 50 *μ*g/ml CSC and the right side the intracellular signalling after treatment with 100 *μ*/ml CSC. In all, 50 *μ*g/ml induces apoptotic-like signalling in endothelial cells: CSC constituents enter the cells via unknown mechanisms and induce the formation of ROS (or are itself the source for ROS). CSC constituents (e.g., polycyclic aromatic hydrocarbon (PAH)) causes DNA damage and induces the activation of P53. The signal is then redirected from the P53 to the mitochondria and induces the depolarisation of mitochondrial membrane potential. This depolarisation could also be induced direct by ROS. CSC-induced mitochondrial depolarisation and rupture of the outer membrane induces the release of AIF, its translocation to the nucleus and the fragmentation of the DNA. In total, 100 *μ*g/ml induces programmed necrosis signalling in endothelial cells: CSC constituents enter the cells via unknown mechanisms and induce the formation of ROS (or are itself the source for ROS). CSC constituents (e.g., PAH) causes DNA damage without the activation of P53. Depolarisation of mitochondrial membrane potential is induced either by DNA damage signalling without P53 contribution or direct by ROS. The next step in cell death signalling is the damage of lysosomes either induced via a signal from the mitochondria or via CSC-induced ROS formation. Damage of lysosomes induces the release of lipases and protease, which in turn induces plasma membrane rupture and the release of DNAses, finally leading to complete DNA degradation](cddis2012162f5){#fig5}
